Biochemical Laboratory, University of Cambridge (Received 14 January 1953) Glucose and galactose are known to be more rapidly absorbed from the small intestine of the rat than fructose, mannose and the pentoses (e.g. Cori, 1925) . The more rapid absorption ofthe first two sugars has been attributed to their undergoing phosphorylation in the intestinal mucosa during absorption, a process named 'active' or 'selective' absorption. The less rapidly absorbed sugars have been considered to pass through the mucosa by a process of diffusion, known as 'passive' or 'non-selective' absorption (Verzar & McDougall, 1936) . The evidence produced for the direct participation of sugar phosphorylation in selective absorption consists mainly of studies upon the effect of iodoacetate poisoning (Wilbrandt & Laszt, 1933) , or phlorrhizin poisoning (Lundsgaard, 1933; Wertheimer, 1933 ) on sugar absorption in vivo, and upon the accumulation of phosphorylated sugars in the mucosa during sugar absorption (Laszt & Sulhnann, 1935; Lundsgaard, 1939; Beck, 1942) . Whilst indicating that the phosphorylation of sugar in the mucosa is probably a necessary concomitant of sugar absorption, this evidence is not of itself sufficient to demonstrate that phosphorylation participates directly in sugar absorption as part of the transfer mechanism. Other investigators have shown that the distinction' once drawn between active and passive absorption may not be so clear as was once thought. Esters are known to accumulate in the mucosa during the absorption of fructose (Lundsgaard, 1939; Kjerulf-Jensen, 1942) and other passively absorbed sugars (Verzar & Sullman, 1937) . Xylose, in the cat, can be as rapidly absorbed as glucose (Davidson & Garry, 1940) .
If the absorption of sugars from the small intestine involves the direct phosphorylation of these sugars, then it might be expected that the phosphorylation rates of different sugars in vitro would bear the same relationship to each other, as do their absorption rates in vivo. The demonstration of such a relationship has been attempted here. The results reported fall into two groups, the first dealing with the many factors concerned in the development of an assay for hexokinase activity in' dispersions of intestinal mucosa, the second with a more detailed * Benn W. Levy Student. study of the hexokinase. The terms 'phosphatase' and 'ATPase' are used to designate certain activities present in such dispersions, not as identification for specific enzymes. Preparation of ti8sue suspe8ions. The animal was killed by deeapitation, and the whole length of the small intestine excised and placed in cold, glass-distilled water. The intestine was opened and gently cleaned with a paintbrush. The intestine was blotted with filter paper, weighed to the nearest 0*5 g., returned to clean water, and cut into short lengths. The pieces were ground for 3 min. by hand with an equal weight of water in a gla#s homogenizer kept on ice. The piston had a smooth surface and fitted loosely. The preparation was squeezed through muslin to remove the pieces of muscle layer. About 8-16 ml. were obtained, containing about 250 mg. wet tissue/ml. The hexokinase remained active towards glucose for 2 hr., whilst the ATPase and phosphatase were stable for at least 2 days. Bacteriological examination showed that contamination with Escherichia coli and Streptococcus faecali8 was negligible. Histological examination showed that after 3 min. treatment in the homogenizer the columnar epithelium alone was split from the mucosa, the cores ofthe villi remaining behind, attached to the muscle layer, which appeared to be intact. Very few intact cells were observed in the suspension. All of the suspensions used were prepared from single animals.
EXPERIMENTAL
Assay of hexokinase activity. Nelson (1944) . The rate of the hexokinase reaction was followed by the rate of disappearance of free sugar. It was not found practicable to follow the reaction by the dis-appearance of ATP because of the high concentration of ATP which had to be used in order to counteract the effect of ATPase. For the study of the reaction with galactose, suspensions were prepared with the magnesium-Ringer solution described by Meyerhof & Geliazkowa (1947) . Bicarbonate was omitted, as suspensions prepared with bicarbonate-containing Ringer were viscous and inactive. Suspensions prepared with water did not phosphorylate galactose, but those prepared with magnesium-Ringer did so, although the rate fell off after the first 2-5 min. All determinations of the phosphorylation rate of galactose were made for this time interval, and most of the suspensions so examined were also tested with glucose and fructose under the same conditions. The rates observed with these two latter sugars with magnesium-Ringer suspensions did not differ from the rates found with water suspensions.
A88ay of phosphatase and ATPase activity. A test system similar to that employed for the determination of the hexokinase activity was used, without NaF, and with the appropriate ester or ATP added instead of sugar and ATP. For the phosphatase reaction 0 5 ml. samples were treated with twice the volumes of Ba(OH)2 and ZnSO,, 7H20 prescribed by Nelson (1944) so as to ensure the removal ofall the phosphorylated sugar and the free sugars were then determined by Nelson's method. For the ATPase reaction the samples were deproteinized with 5% trichloroacetic acid, and the inorganic and 9 min.-labile P estimated by the method of Fiske & Subbarow (1925) . The rates of these reactions were expressed as 'mg. free sugar (or inorganic phosphate) formed/ml. tissue suspension/unit of time '. Preparation of ATP. ATP was prepared from rabbit muscle according to Bailey (1949) . The ATP so obtained was contaminated with a metal, probably iron, which seriously interfered with the hexokinase reaction. This metal was removed by stirring the ATP with 8-hydroxyquinoline in CHC13 (Waring & Werkman, 1942) . The ATP was finally precipitated as the sodium salt, using a mixture of equal volumes of ether and ethanol, 9 vol. of mixture to 1 vol. of ATP solution.
Sugars. The sugars used, D-glucose, D-galactose, Dfructose, D-mannose, and D-xylose, were Kerfoot's 'bacteriological sugars'.
Factors affecting the determination of hexokina8e activity in the inte8tinal mucosa Blanks and controls. Four tissue suspensions, examined by the Nelson procedure, gave no appreciable reducing value when fresh, or after incubation with veronal-acetate buffer or with inorganic phosphate, 0-033M and 0-016M. These phosphate concentrations represent the limits of inorganic phosphate appearing in the digest in the presence of ATP during the hexokinase reaction. One fresh suspension contained 0*09 mg. inorganic P/ml. which rose to 0-12 mg./ml. after 10 min. incubation. Small amounts of 9 min.-labile P and 3 hr.-hydrolysable P were found, amounting to 0-01-002 mg./ml. suspension.
Incubation of glucose or fructose (0-0055M) with ten different suspensions in the absence of ATP did not lead to any disappearance of sugar, although in the presence of ATP rapid sugar disappearance was observed. Incubation of 0-028M glucose (four suspensions) or 0-028M fructose (two suspensions) with 0-65M disodium phosphate gave no disappearance of free sugar, although good sugar dis- The test system employed is described in the experimental section. The glucose, 0-0, and fructose, 0-0, concentrations were 0-0055M, and the ATP concentration was 0-033M.
appearance was found with ATP, and the presence of an active phosphatase was indicated by the rapid hydrolysis of added glucose 6-phosphate or fructose 6-phosphate. ATP (0-033M) gave a small reducing blank equivalent to about 0 01 mg. glucose on each estimation, and did not alter on incubationwith the suspensions in absence of sugar (three suspensions).
Buffer solutions. Three suspensions were tested for hexokinase activity with both glucose and fructose (0-0055M) in the following buffers: veronal-acetate buffer (pH 8-0,0-05M), phosphate buffer (pH 8-0, 0.05M), and bicarbonate buffer (pH 7.5, 0.2 % NaHCO3 with a gas mixture of 95 % N2 and 5% CO0). The rates appropriate for each sugar did not differ with the buffer used. In glycine buffer (pH 8-5, 0-05M) the rate with glucose was depressed relatively to the rate with fructose, and a slight increase of inorganic phosphate at the expense of 9 min.-labile P was observed. In borate buffer (pH 8-0, 0-025M) phosphatase and ATPase activities were depressed by 50 %, and lower concentrations of ATP could be used to give the same rates observed in veronal-acetate buffer at a higher ATP concentration.
Added magnesium. The suspension contained enough magnesium to allow some phosphorylation to occur, but the maximf.m rate was not obtained unless added MgCl2 were present in a final concentration of 0 01 M.
Time of incubation. A fall in the reducing power of the samples was observed during the first 10 min., and the disappearance ofsugar proceeded at a steady rate during the first 5 min. of the incubation period. After the first 10 min. the reducing power rose again ( Fig. 1 ) but this could be prevented by the addition of more ATP, by the addition of fluoride to depress ATPase activity, or by the addition of pyruvate.
During the first 10 min. of the reaction the ratio between the phosphorylation rates of glucose and fructose remained the same (Table 1) , but after this time the rate of the reaction with fructose fell off much more rapidly than that with glucose. This constancy ofratio during the early part of 48±3.6 (25) 50±J3.7 (49) 42±5 0 (12) 30±4-6 (12) the incubation period was found with almost every one of the tissue suspensions examined, not only with glucose and fructose, but with mannose and xylose as well. With galactose, however, the rate of the reaction fell off sharply after the first 2-5 min.
Stability during incubation. Samples of suspensions were incubated at 300 for a given time in the presence or absence of sugar. These samples were then tested for hexokinase activity in the usual way ( Table 2 ). The inactivating effect of previous incubation upon hexokinase activity and the stabilizing effect of added sugar during incubation were found to be very variable. The rate of the reaction with fructose and galactose fell considerably on incubation, and neither sugar showed any stabilizing effect. The rates with glucose, mannose and xylose were unaffected by incubation in the absence of sugar. ATP had no protective effect if added during incubation.
Concentration of tissue suspension. The rate of the hexokinase reaction with all five sugars was linear with increasing amount of suspension up to a concentration of 1 part suspension in 3 of the digest.
The phosphata8e and ATPase reations. Fig. 2 shows the appearance, over a period of time, of free sugar from glucose 1-and glucose 6-phosphates, from fructose 6-phosphate and from fructose 1:6-diphosphate. It also shows the appearance of inorganic phosphate from ATP. All monophosphates gave rise to free sugar at the same rate, but the diphosphate did so at only half the rate. The reaction with ATP ceased when both the 9 min.-labile P groups were converted into inorganic phosphate. The rate of appearance of free sugar increased with increasing concentration of monophosphate esters up to 0 01M (Table 3 ). The rate of sugar liberation with the diphosphate was only half that observed with the monophosphates, and did not increase with concentrations above 0-007M. The rate of appearance ofinorganic phosphate from ATP increased up to an ATP concentration of 0-033M. The inorganic phosphate appearing was equivalent to the 9 min.-labile P disappearing.
Both phosphatase and ATPase activity were raised 30% if MgCl3 (final concentration 0-O1M) was added to the reaction mixture. Fluoride (0-06M) abolished this effect. Phlorrhizin (0.004m) and iodoacetate (0-008M) did not affect phosphatase or ATPase activity. Pre-incubation of the suspension at 300, under conditions similar to those used in the study of the hexokinase, had no effect upon either phosphatase or ATPase activity. The rate of both reactions increased proportionally to the concentration of the suspension, up to 1 part suspension in 3 of the digest. Vol. 55 employed, using a test system as described in the experimental section. The concentration of phosphorylated sugars employed was 08028m, and of ATP 0-033M. Glucose 6-phosphate, 0-0; fructose 6-phosphate, **-; glucose 1-phosphate, x-x; fructose 1:6-diphosphate, E-E); ATP, 3.
The effect of ATP concentration upon the rate of the hexokinase reaction Glucose andfructose. The rate ofthe hexokinase-reaction at 0O0055M glucose increased with the ATP concentration (0.013-0.04m), whilst the rate with 0-0055m fructose was unaffected by changes in ATP concentration over the same range (Table 4) . At an ATP concentration of 0*013m the rates with both sugars were the same, whilst at 0X033M ATP the rate with glucose was nearly twice the rate observed with fructose. When, however, the fructose concentration was raised to 0-028M the rate ofthe reaction varied with the ATP concentration in a manner similar to that observed with a glucose concentration of 0-0055M.
Mannose and xylose. At a sugar concentration of 0-0055M the rate ofthe hexokinase reaction with mannose and xylose was not appreciably affected by changes in ATP concentration (Table 4) . At a sugar concentration of 0-022M the rate varied more markedly with the ATP concentration.
Gakztoe. At a sugar concentration of 0-0055M the rate of the phosphorylation reaction varied with the ATP concentration over the range 0*013-0-033M (Table 4 ).
The effect of sqgar concentration upon the rate of the hexokinase reaction Glucose andfrutose. The rate ofthe reaction with glucose, at a constant ATP concentration of 0-033M, showed a sharp drop with increasing glucose concentration, this drop being usually observed at 0-016m glucose. With a further increase in the concentration the rate rose sharply, until at a concentration of 0-028m glucose the rate was the same as that obtained at 0-0055M glucose (Table 5) . Out of twenty-five suspensions examined twenty-two showed this sharp minlimum. Increasing the ATP concentration to 0-052m led to the flattening of this dip in the glucose concentration curve, although the rate at 0*028m or 0-0055m glucose was unaffected. The rate of the hexokinase reaction varied with the glucose concentration over the range 0'0014-0-0042 M, at an ATP concentration of 0-033M (Table 6 ). In contrast with the reaction with glucose, the rate of the reaction with fructose at a constant ATP concentration of 0-033m increased steadily with the fructose concentration to 0-022M. The rate at the higher fructose concentration was not increased appreciably by raising the ATP concentration.
Mannose and xylose (Table 5 ). The rate of the reaction with mannose and xylose increased with sugar concentration from 0-0055 to 0*022M. The phosphorylation rate of mannose was a little greater than that of xylose, the rates with both sugars being less than a third of the rate observed with glucose at a sugar concentration of0-0055m. At a sugar concentration of 0*028x the rates, especially with mannose, approached that observed with glucose at this concentration. 1-09±0-06 (7) 0-96-1-50 0-58+0-02 (7) 0-45-0-69 1-80+0-00 ( VoI. 55 Table 7 . The phosphorykaion of 8ugar mixtures The pho8phorylation of sugar mixtures (Table 7) . Mixtures of glucose and of one other sugar, each at a concentration of 0-0055M, ATP 0-033M, did not show a rate of sugar disappearance equal to the sum of the rates observed when the sugars were tested separately at the same substrate concentrations. The rate with the mixture was usually lower than that observed with the glucose control, and was in some cases lower than the control with the other sugar. Raising the ATP concentration from 0-033 to 0-052M resulted in an increase in the rate of sugar disappearance, although a rate equal to the sum of the control rates was never obtained.
DISCUSSION
A possible source of error in the determination of hexokinase activity could lie in the action of the phosphatase, releasing reducing substance from phosphorylated derivatives formed during the hexokinase reaction. The apparent difference observed between the phosphorylation rates of two sugars might thus be due to a difference in the rate of breakdown of their phosphorylated derivatives. However, glucose and fructose monophosphates showed the same dephosphorylation rate. Moreover, since the rate of the phosphatase reaction is dependent upon the rate offormation of phosphorylated sugar by the hexokinase, it follows that the rate of the hexokinase reaction must play a part in deciding the dephosphorylation rate. In the case of glucose, it can be calculated that the observed hexokinase activity during the first 5 min. of the incubation period is at least 70 % of what it should be in the absence of complicating phosphatase activity. Later on during the incubation period the ATP concentration falls, the hexokinase reaction slows down and the dephosphorylation reaction becomes more rapid than the hexokinase reaction, but this can be prevented by increasing the ATP concentration, or by depressing the ATPase and phosphatase activity by the use offluoride or borate. It would appear that the observed behaviour of the hexokinase during the first 10 min. of the reaction period reflects the intrinsic properties ofthe enzyme, and is not an artifact.
The hexokinase of the intestinal mucosa shows two different patterns in its response to changes in sugar concentration. With fructose, mannose and xylose the phosphorylation rate varies with the sugar concentration over the range 0-0055-0-028M. With glucose and galactose the rate falls to a sharp miniimum at sugar concentrations in the intermediate part of this range, the rate rising again as a concentration of 0-028M is approached, at which concentration the rate observed is the same as that observed at 0-0055m. This falling off in rate can be partially prevented by raising the ATP concentration, although no effect is observed upon the rate of the reaction at the two limits ofthis sugar concentration range. The cause of the sharp drop in the rate of the hexokinase reaction at intermediate sugar concentrations is not known. Possibly two hexokinases might be concerned, each having different affinities for glucose, the affinity being determined by the ATP concentration. The work of Meyerhof & Geliazkowa (1947) shows that the affinity of brain hexokinase for glucose and fructose may be determined by the ATP concentration, but there is no evidence, outside the 'minimum' shown in the glucose and galactose concentration curves, that the hexokinase of the intestinal mucosa behaves in a similar manner. The data presented here with regard to the effect of ATP concentration on sugar utilization may be interpreted upon the assumption that the intestinal hexokinase has different affinities for different sugars, which are unaffected by changes in the ATP concentration. As long as the sugar concentration limits the rate of the reaction, changes in ATP concentration will have a negligible effect upon the reaction rate, but as soon as the sugar concentration is raised to non-limiting levels the effect of changes in ATP concentration is noticeable.
The depression ofphosphorylation rates observed with the intestinal hexokinase when mixtures of sugars are used broadly resembles the findings of Slein, Cori & Cori (1950) upon the phosphorylation of sugar mixtures by yeast hexokinase. These workers showed that in mixtures of fructose with either glucose or mannose the aldose suppressed the utilization ofthe ketose, whilst in a glucose-mannose mixture the rates with both sugars were depressed. With the intestinal hexokinase, all sugar mixtures examined gave a depression in rate, which suggests that interference takes place. In the case of the glucose-fructose mixture the depression is not so great as with some of the other mixtures, and it is possible that in this case the ATP concentration becomes the limiting factor. It is also possible that the addition of high concentrations of ATP could alter the affinity of the hexokinase for the sugars in the mixtures, as suggested by Slein et al. (1950) .
The possibility exists that two or more hexokinases may be present in the intestinal mucosa. The separate existence of a glucokinase and a fructokinase has been demonstrated for brain (Meyerhof & Geliazkowa, 1947) , muscle (Slein et al. 1950) , and liver (Cori, Ochoa, Slein & Cori, 1951) .
Recently Long (1952) has published data on glucose phosphorylation by dispersions of intestinal mucosa. His figures for Qglucose9 when converted into terms of mg. glucose disappearing/ml. suspension/5 min., yield an average value of 054 mg., with a range of 041-082 for eleven rats. These figures are a little lower than those given in the present study. The rate of the hexokinase reaction described by Long is unaffected by changes in glucose concentration over the range 00012-0005M, thus differing from the hexokinase discussed here, but otherwise the results of the two investigations are in agreement. SUMMARY 1. The hexokinase reaction, the dephosphorylation of hexose phosphates, and adenosine triphosphatase activity have been studied in dispersions of intestinal mucosa.
2. Different sugars are phosphorylated at different rates, and the hexokinase shows different patterns in the response of the phosphorylation rates to changes in sugar concentration.
3. When the sugar concentration is not the limiting factor the rate with all the sugars examined varies in the same manner with the adenosine triphosphate concentration.
4. Sugars in mixtures show a depression in phosphorylation rate below that of single sugar controls.
5. The difference in the observed phosphorylation rates of glucose and fructose is due to a property of the hexokinase, not to a difference in the rate of liberation of free sugar from the phosphorylated sugars formed, nor to the conditions of assay.
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